The quasi-static nature of a light induced thermal hysteresis was studied on the spin-transition compound [Fe(ptz) 6 ](BF 4 ) 2 , by means of optical spectroscopy and magnetic measurements in the temperature interval between 10 and 80 K. Various experimental procedures are discussed in relation to the competition between the two processes considered, namely the photoexitation and the high-spin low-spin relaxation. A detailed discussion of the experimental parameters, which should be considered in order to avoid erroneous interpretations of LITH, is given.
Introduction
[Fe(ptz) 6 ](BF 4 ) 2 is a spin-transition solid that was first synthesized in 1982 [1] . Ever since, this compound has been used as a model system for solid-state physical and photophysical investigations [2] , in particular from a crystallographic point of view [3] .
The title compound undergoes an abrupt spin transition, from the high-spin state ( 5 T 2 ) at elevated temperatures to the low-spin state ( 1 A 1 ) at low temperatures, with a hysteresis of T c ¡ =128 K and T c =135 K. The abruptness of the spin transition comes from cooperative effects of elastic origin [4] . Elastic interactions are related to the important difference in volume between the two spin states (DV HL :5%) [5] . The hysteresis itself originates from a coupling between the spin transition and a crystallographic phase transition [5, 6] .
A fascinating photophysical phenomenon discovered in the title complex is the LIESST effect (light induced excited spin state trapping) [7] . It comprises the conversion at low temperatures of the entire crystal from its low-spin ground state to the metastable high-spin state using photoexcitation by blue or green laser light. The self-accelerating nature of the high-spin low-spin relaxation following such an excitation is a direct consequence of the cooperative effects, and serves to explain the origin of the light induced thermal hysteresis studied in this work.
The term ''light induced thermal hysteresis'' (LITH) was, in fact, introduced by Letard et al. [8] , following the observation of a hysteresis loop for a mononuclear iron(II) derivative upon temperature scanning under permanent irradiation. For this compound the LIESST is incomplete at 20 K, with around 30% of the highspin population, which makes a quantitative interpretation of LITH in this case quite difficult. Varret O] compound, where the LIESST effect is quantitative at 20 K, and the population of the metastable high-spin state is achieved to 100% [9] . Raising the temperature results in an accelerated kinetics of the high-spin low-spin relaxation and thus a depopulation of the metastable high-spin state [10] . Under permanent irradiation the competition with relaxation may result in a quasi-static population of the metastable high-spin state. Varret et al. [9] further showed that in analogy to a hysteresis in the thermal spin transition, the LITH is also due to cooperative effects. They describe the interaction of the two processes (photoexitation and relaxation) using the macroscopic master equation. In addition, the term of ''light induced optical hysteresis'' (LIOH) is introduced. LIOH is obtained by variation of light intensities at a given temperature. Theoretical treatment of these phenomena has been given in Ref. [11] . The current studies of light phenomena coupled with other processes are oriented towards ''light induced pressure hysteresis'' (LIPH), for which the varying parameter is pressure [12] .
In this work, we show the influence of experimental conditions, such as temperature scanning speed, irradiation wavelength and intensity of light used for LIESST, on the shape and nature of LITH.
Experimental

Sample preparation
The title compound, [Fe(ptz) 6 ](BF 4 ) 2 , was first synthesized by Franke et al. [1] . We studied it in the form of single crystals of high optical quality. Crystals of small size (0.1× 1×2 mm 3 or smaller) were used in order to avoid misleading effects due to unwanted high-spin/low-spin gradients that can be produced during photoexcitation in thicker crystals.
Upon slow cooling, the crystal undergoes a crystallographic phase transition from the rhombohedric to the triclinic phase at T c ¡ =128 K and T c =135 K [5, 6, 10] . To study the behavior in the rhombohedric phase, we quenched it by rapid cooling (from 200 to 50 K in less than 3 min).
Experimental techniques
We have used two experimental techniques for LITH experiments, namely magnetic measurements on the SQUID magnetometer (University of Versailles) and absorption spectroscopy measurements (University of Geneva). For magnetic measurements we take advantage of the important difference in magnetic moments between the low-spin (S =0) and the high-spin (S= 2) state in the Fe(II) title compound. Optical measurements are based on the marked difference in colors between the two spin states. One can distinguish easily the low-spin state that has two intense d-d absorptions in the visible region of the spectrum, and is therefore red, from the high-spin state that absorbs in the infrared region and is colorless [7] .
Optical measurements
Optical measurements were performed on single crystals placed on the cryostat sample holder, and cooled down to 10 K in a He(g) atmosphere. LIESST was performed with laser irradiation of 1 mW mm
intensity at the wavelength of 453 nm from the Ar + laser (Spectra Physics). To detect the signal, we used a monochromator, a photon multiplier (Hamamatsu R928) and the Lock-in-Amplifier. For each measured n HS (T) in the quasi-static LITH loop, several waiting hours were spent to establish the equilibrium between the photoexcitation and the relaxation.
The crystal is rapidly cooled down from the room temperature to 10 K and quenched in its R3i crystallographic phase (high-temperature phase) [2, 3] . At 10 K it is completely in the low-spin state. By the photoexcitation with the blue (or green) light, the LIESST process takes place and after certain time the crystal converts to a 100% metastable high-spin state [7] .
Magnetic measurements in a SQUID magnetometer
A chosen crystal was placed on a plastic support in a SQUID magnetometer equipped with an optical fiber [13] . It was cooled down rapidly, from 200 to 50 K in less than 3 min, in order to quench the rhombohedric (high-temperature) crystallographic phase [2, 5] . The magnetic signal was optimized at 10 K. Temperature dependent scanning measurements were performed. The magnetic susceptibility recorded was corrected for diamagnetic and paramagnetic contributions of the sample holder. The units for T are (emu Oe − 1 K), which represents the direct response from the SQUID magnetometer, without a correction to obtain the molar susceptibility, m .
As a light source we used a 100 W Halogen lamp, where we added optical filters of the broad-band type.
Temperature scanning 6elocity
To check the scanning velocity effect on the LITH in crystals of [Fe(ptz) 6 ](BF 4 ) 2 , scanning speed was set to 0.032 and 0.02 K min − 1 , in the temperature range from 40 to 80 K. The total time needed to complete the LITH was about two or three days, respectively. In both series of measurements the scanning speed used between 10 and 40 K was the same, 1 K min − 1 .
Intensity of the light upon photoexcitation
We used three voltage settings of a halogen lamp 11, 8 and 6.5 V. These values provide intensities of approximately 50, 40 and 30 mW cm − 2 on the sample for the filter of 5509 50 nm and around 30% less for the filter of 450950 nm. Intensity was measured ex situ by a homemade bolometer.
Effect of the wa6elength used for LIESST
We used broad-band filters, notably 4509 50 and 5509 50 nm. For the former value, the absorption takes place at the edge of the low-spin absorption band. In contrast, the 550 nm corresponds to the maximum value of the absorption band of the low-spin state. This has a consequence that the low-spinhigh-spin photopopulation by blue light is more gradual than by green light. The crystal suffers minimally from the elastic constraints and usually does not break under blue light irradiation of moderate intensity.
Results and discussion
In Fig. 1 , we see the magnetic susceptibility as a function of time for five different stages of one experiment. We use the fact that the magnetic susceptibility is proportional to the high-spin state which is paramagnetic (S HS = 2) while has a constant value for the low-spin state which has the magnetic moment zero (S HS =0). Thus by the magnetic measurements in the SQUID magnetometer we can distinguish the two spin states and their proportion in the crystal at each time. We converted the original data using Curie law ( 1/ T) and corrected for the magnetic contribution of the sample holder that we measured separately. The magnetic unit used in the figures for T are (emu Oe − 1 K).
The first process recorded is LIESST represented by a photoexcitation curve (A). The form of the photoexcitation curve is rather non-cooperative and it takes around 2 h to completely convert the crystal from the low-spin to the high-spin state with the blue light of around 30 mW cm − 2 intensity. The mechanism of the LIESST process at low temperatures (:20 K) has been studied in detail by Hauser [14] as well as the mechanism of the self-acceleration of the high-spin low-spin relaxation [15] . The second curve (B) of Fig. 1 represents the situation in which the LIESST and the relaxation are put in competition, at 53 K, and after a certain time give a steady state. The steady state results from comparable kinetic times of the LIESST process at 53 K and the relaxation process at the same temperature. Here, we can talk about a dynamical equilibrium which is established after around an hour for LIESST (pumping low-spin high-spin) and relaxation (depopulation high-spin low-spin).
The third curve (C) in Fig. 1 is the high-spinlowspin relaxation in absence of light. The relaxation is highly cooperative with the acceleration factor h=5, where Eq. (1) holds [16] k HL (n LS ,T)= k HL (n LS = 0,T) exp(hn LS )
The mechanism of the relaxation is described as a non-adiabatic multiphonon process [17] in the strong coupling limit. Concerning the temperature influence on In the fourth curve (D) of Fig. 1 we observe a progressive formation of another steady state, starting from 100% low-spin population, different from the first obtained steady state (B) at 53 K starting from 100% high-spin. The two different steady states (B and D) are the basis of an explanation of the formation of the LITH loop for one chosen temperature (here 53 K). Two different HS/LS proportions are formed under permanent irradiation, depending on whether the measurement started at 100% HS or at 100% LS, which results from cooperativity.
The fifth curve (E) in Fig. 1 is a photoexcitation curve at 40 K continuing the steady state. At 40 K the relaxation is quite slow and therefore the LIESST to the metastable HS state is almost complete.
In Fig. 2 , we see the same experimental procedure as in Fig. 1 , but this time for the mixture of crystallographic phases in the crystal of the title compounds P1i and R3i. The mixture of the crystallographic phases occurs for kinetic reasons. The cooling of the crystal was not rapid enough to preserve it in the rhombohedric phase, nor slow enough to induce a complete phase transition to the triclinic phase. Three different experiments occur at temperatures of (a) 52, (b) 53 and (c) 54 K.
We observe the lack of cooperativity in relaxation, coming from almost non-cooperative relaxation in the triclinic phase [18] . The formation of steady states is a combination of two different relaxation kinetics in two different crystallographic phases, too. Further, at 52 K the steady state contains a high proportion of the high-spin state, compared to 54 K, where the relaxation is more rapid, and the high-spin state is present in smaller proportion.
From the less sigmoidal shape of the relaxation curves, we conclude that in addition to the R3i crystallographic phase the P1i phase is also present. This further means that the treatment of two different kinetics with h(R3i )= 5 and h(P1i )= 1 [10, 18] . Without knowing the proportion of the two phases the quantitative interpretation of the curves here is not possible. Fig. 3 represents a comparison between the slow temperature scanning experiment by light and obscurity on the diluted derivative of the title compound, namely [Zn 1 − x Fe x (ptz) 6 ](BF 4 ) 2 where x=0.1. The crystal has been irradiated with a white halogen lamp, during the decrease in temperature from 295 to 20 K. The overlap with the spin-transition curve, measured in absence of light in the 12% iron derivative is perfect down to 75 K. Below 75 K down to 50 K we observe the predominant LIESST process and the diluted compound gets completely converted to the high-spin state. The temperature cycling back to room temperature gives a perfect overlap with the cooling curve and no hysteresis is present. This experiment has been performed for the high-temperature crystallographic phase of the diluted iron(II) compound, to stress the importance of cooperativity in forming LITH loops.
In Fig. 4 , we show quasi-static LITH loops, recorded by the absorption spectroscopy. Fig. 4(a) shows the absorption spectra for (a) the high-temperature (R3i ) and (b) the low-temperature (P1i ) crystallographic phases of the title compound. The absorption spectra were collected for steady states starting from the 100% HS and the 100% LS, respectively. After several hours waiting at one temperature, with a constant photoexcitation intensity indicated in the figure, the hysteresis is not broader than 1.5 K for the R3i phase and it is absent for the P1i phase. This difference is explained on the basis of different cooperativities in the two phases: h(R3i )=5 while h(P1i ) :1 [18] .
Transition curves under permanent irradiation for the two crystallographic phases that approach the quasi-static LITH are shown in Fig. 4(c) and (d) . Again, the LITH loop is present for the cooperative R3i phase, while for the P1i phase it does not show, within the experimental error.
Further experiment, shown in Fig. 5 , gives an idea of the influence of the scanning speed on the LITH loop appearance. Most experimental cases of LITH published until now are in fact dynamical LITH loops, because even if one sets a very slow scanning speed the equilibrium is not necessarily achieved. This has been theoretically stressed out for the general case using the macroscopic approach by Varret et al. [11] and by analytical calculations by Hauser and Linares [19] . In Fig. 5 , we compare two dynamic LITH loops by performing very slow scanning of the temperature, notably 0.032 and 0.02 K min − 1 between 40 and 70 K. For these two different scanning speeds we observe a decrease in the width of the hysteresis of around 1 K. We define the hysteresis width as:
In the first case DT 1/2 is 5 K, and in the second one 4 K. Thus, we see that we approach the quasi-static hysteresis by slow scanning, as expected. Fig. 6 gives us an idea of the influence of light intensity and Fig. 7 the influence of the light wavelength on the shape of the LITH loop. The influence of the change in the photoexcitation wavelength from 450 to 550 nm results in a LITH shift towards higher temperatures for about 3 K, for the same lamp intensity. Decreasing the lamp intensity to 8 V ( 40 mW cm − 2 ) brings the ''450-nm induced'' LITH and the ''550-nm induced'' LITH gets deformed, probably due to partial crystallographic phase transition or to HS-LS gradients in crystal formed by green light. On the other hand, we observe a completely deformed descending branch for LITH if the intensity of the photoexcitation is not high enough. Thus, for the curve at 6.5 V (B 30 mW cm − 2 ) lamp intensity we observe a photopopulation of around 80% HS which remains constant down to 10 K. The theoretical background for this experience was given in the Ref. [11] .
Conclusions
We conclude that the quasi-statistic LITH is closely related to relatively high cooperativity of the title compound in the R3i crystallographic phase (a= 5, 14) . For the other crystallographic phase, P1i, the LITH loop is not observed. A study of the crystallographic phase transition under permanent irradiation will be given in another Ref. [6] . 6 . The influence of different light wavelengths on the dynamical LITH. With 550 nm the dynamical LITH is shifted towards higher temperatures by 4 K, as compared to irradiation at 450 nm, because the green light is more efficient for the LIESST than the blue one. Fig. 7 . Influence of different intensities on dynamic LITH loops. Higher intensity shifts an LITH loop towards higher temperatures. If the intensity is too low, LITH gets deformed because the LIESST is incomplete. For the descending branch in temperature we observe that the LITH loop remains opened and only around 80% of the high-spin state is continuously formed in the tunneling regime (below 40 K).
The experimental conditions to be followed in order to be sure of the origin of an eventual LITH loop are the following: 1. Quasi-static LITH means that the steady state between two processes (LIESST and relaxation) is achieved. This may imply very slow scanning of the temperature. Otherwise, we deal with a dynamic hysteresis. 2. The investigated crystal should be as thin as possible in order not to produce high-spin/low-spin gradients, which may lead to an apparent hysteresis. 3. The intensity of light should be kept low in order to avoid heating of the sample or the degradation of the quality of the crystal. 4. The crystal should remain in the same crystallographic phase during one measurement cycle, because of the very different relaxation kinetics in two phases, which may drastically influence the shape of the expected hysteresis. The discussion of these aspects is based on variable temperature magnetic susceptibility and absorption spectroscopy measurements.
